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Abstract
Droplets produced in a cloud condensation nucleus chamber as a function of super-
saturation have been separated from unactivated aerosol particles using counterﬂow
virtual impaction. Residual material after droplets were evaporated was chemically
analyzed with an Aerodyne Aerosol Mass Spectrometer and the Particle Analysis by 5
Laser Mass Spectrometry instrument. Experiments were initially conducted to verify
activation conditions for monodisperse ammonium sulfate particles and to determine
the resulting droplet size distribution as a function of supersaturation. Based on the
observed droplet size, the counterﬂow virtual impactor cut-size was set to diﬀerenti-
ate droplets from unactivated interstitial particles. Validation experiments were then 10
performed to verify that only droplets with suﬃcient size passed through the counter-
ﬂow virtual impactor for subsequent analysis. A two-component external mixture of
monodisperse particles was also exposed to a supersaturation which would activate
one of the types (ammonium sulfate) but not the other (polystyrene latex spheres).
The mass spectrum observed after separation indicated only the former, validating 15
separation of droplets from unactivated particles. Results from atmospheric measure-
ments using this technique indicate that aerosol particles often activate predominantly
as a function of particle size. Chemical composition is not irrelevant, however, and we
observed enhancement of sulfate in droplet residuals using single particle analysis.
1 Introduction 20
Among the most uncertain processes in our current understanding of the climate sys-
tem is the interaction of aerosol particles with water vapor to form clouds (IPCC, 2007).
Changes in particle properties can aﬀect clouds in several ways. For example, an in-
crease in the number of particles in the presence of a constant amount of water vapor
can result in more but consequently smaller droplets. Smaller and more numerous 25
droplets resulting in more reﬂective clouds is known as the 1st indirect or Twomey
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eﬀect (Twomey, 1974). Smaller droplets also initiate precipitation less eﬀectively and
this is called the 2nd indirect or Albrect eﬀect (Squires, 1958; Albrect, 1989). More
recently, Stevens and Feingold (2009) suggested that aerosol/cloud interactions are
more complicated with both micro- and macrophysical buﬀers existing in the system.
In all cases a more complete understanding of how particles form droplets is required 5
to make headway in our understanding of climate.
The formation of droplets by particles when the vapor pressure of water is raised
above saturation is theoretically well described. The vapor pressure over a small
droplet is always larger than that over a planar water surface due to its curvature; this is
known as the Kelvin eﬀect (Seinfeld and Pandis, 2006). Nascent droplets are not pure 10
water, however, and normally contain soluble material from the aerosol from which
they originated. These solutes reduce the vapor pressure over the droplet according
to Raoult’s law. The combination of these two eﬀects leads to K¨ ohler theory which
predicts the critical supersaturation which must be overcome in order for a particle to
activate as a droplet. This critical supersaturation is therefore a function both of the 15
particle size and composition (Seinfeld and Pandis, 2006).
While K¨ ohler theory is successful in predicting the supersaturation required to acti-
vate pure particles of e.g., inorganic salts, atmospheric particles are most often com-
plex mixtures of soluble and insoluble components (Murphy et al., 1998). For this rea-
son, techniques to measure the abundance of cloud condensation nuclei (CCN) have 20
been developed. These so-called CCN chambers (CCNCs) pass aerosol particles
through a region where they are exposed to a controllable supersaturation (Roberts
and Nenes, 2005). Such chambers therefore do not explicitly rely on theory but in-
stead measure the abundance of CCN, often as a function of supersaturation, within
an airmass. In the case of laboratory studies, a CCNC can be utilized with other instru- 25
ments to determine activation conditions for a given particle type as a function of e.g.,
size (e.g., Moore et al., 2010).
One use of CCN abundance data is the formation of simple parameterizations of
cloud drop number, which can be used at minimal computational expense in models
693AMTD
4, 691–713, 2011
Droplet activation,
separation, and
compositional
analysis
N. Hiranuma et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
(Lohmann and Feichter, 2005). Dusek et al. (2006) produced a simple parameteriza-
tion by noting that in some cases size was a more important determinate of CCN for-
mation than chemistry. Dusek et al. (2006) considered airmasses with predominantly
aged continental aerosol particles and, despite the compositional similarity, at times
size only captured ∼84% of the CCN variability. More recent research, especially that 5
on more diverse particulate sources, has indicated chemistry does plays a large role
in CCN variability. Nenes et al. (2002) showed in a model study that chemical eﬀects
can rival the 1st indirect eﬀect in terms of radiative forcing. Petters and Kreidenweis
(2007) suggested a single parameter, κ, to represent compositional eﬀects on both
hygroscopic growth below saturation and CCN activity. Values of κ indicate a large 10
diﬀerence between hygroscopic inorganic species (e.g., NaCl) which largely follows
K¨ ohler theory (0.5–1.4) and less active organics (0.01–0.5). Petters and Kreidenweis
(2007) determined κ values for atmospheric particles in a range between 0.1 and 0.9.
Rose et al. (2010) found somewhat lower values in the highly polluted conditions of
Guangzhou, China, 0.1–0.5. The ﬁeld study κ average was observed to drop from 0.3 15
to 0.2 in the presence of signiﬁcant organic-rich biomass burning.
These and other ﬁeld studies have been dependant on parallel measurements of
chemical composition (i.e., the number of CCN and particulate chemical composition
were determined separately). Alternately, studies where the eﬀect of composition on
CCN formation was directly measured relied on particle generation from a known mate- 20
rial in a laboratory setting. The problem with this strategy is that laboratory-generated
particles do not undergo the complex processes associated with atmospheric aging
that may change composition and surface properties (e.g., Gard et al., 1998; Laskin et
al., 2005). Moreover, only a limited amount of particle types can be investigated in a
laboratory. 25
We have coupled a CCNC to a counterﬂow virtual impactor (CVI) in order to form
droplets as a function of supersaturation and separate them for subsequent direct anal-
ysis. We then evaporate the condensed-phase water in order to determine the size
and composition of the aerosol particles which formed the droplets using an Aerodyne
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Aerosol Mass Spectrometer (AMS) and the Particle Analysis by Laser Mass Spec-
trometry (PALMS) instrument. Laboratory studies were conducted on particle types
with known critical supersaturations in order to validate this technique. Direct mea-
surements of the eﬀect of composition on CCN formation were then conducted with
atmospheric aerosol particles. 5
2 Methodology
A schematic of the experimental setup is shown in Fig. 1. A CCNC, commercially avail-
able from Droplet Measurement Technologies (Model 200-013, Boulder, CO), was used
to activate droplets from incoming aerosol particles as a function of supersaturation
from 0.07–0.5%. A full description of the instrument is available in Roberts and Nenes 10
(2005) with calibration procedures given by Lance et al. (2006), Rose et al. (2008)
and Shilling et al. (2007). Brieﬂy, a 0.045lpm ﬂow of particle-laden air is sheathed in
0.45lpm particle-free air. This ﬂow is passed through a temperature-controlled vertical
column with water-coated walls. Supersaturated conditions are produced in the col-
umn due to a temperature gradient produced by three diﬀerentially heated zones and 15
the fact that water molecules diﬀuse more quickly than heat. The ﬂow regime in the col-
umn is assumed to be laminar with a residence time of ∼10s. Validation of instrument
performance is given in subsequent paragraphs. Once activated, the number and size
distribution of droplets (from 0.75 to 10 µm diameter) is measured using an integrated
optical particle counter (OPC). 20
Droplets exiting the CCNC were separated from unactivated particles using a
pumped CVI (PCVI) previously described in the literature (Boulter et al., 2006; Kulkarni
et al., 2011). A PCVI functions by drawing particles into the instrument with a vacuum
pump. A ﬂow of particle-free gas termed the counterﬂow is directed in a motion oppo-
site the particle ﬂow. In this way the counterﬂow creates an inertial barrier which stops 25
particles below a speciﬁc cut-size so that they are removed by the ﬂow to the pump.
The rate of counterﬂow sets the inertial barrier and thus the cut-size. The counterﬂow
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is a portion of the total ﬂow added to the PCVI; the remainder forms an output or “sam-
ple ﬂow” into which the particles above the cut-size become entrained (i.e., particles
above the cut-size exit the PCVI within a diﬀerent gas-phase environment than they en-
tered; Boulter et al., 2006). In the case of these studies, the add ﬂow was particle-free
dry research-grade nitrogen (99.99% purity). The cut-size was set to allow passage of 5
droplets but not unactivated particles. The dry nitrogen carrier gas thus caused evap-
oration of the condensed-phase water on the droplets so that only residual aerosol
particles which initially formed the droplets in the CCNC remained in the sample ﬂow.
Described more fully in the following paragraphs, the PCVI used in these studies eﬀec-
tively separates ∼2.5 µm and larger diameter droplets for input ﬂow rates of ∼5–10lpm 10
(Boulter et al., 2006; Kulkarni et al., 2011). A particle-free humidiﬁed “supplemental
ﬂow” was added to the ∼0.5lpm CCNC ﬂow in order to produce the required PCVI
input ﬂow. This was done by directing the CCNC ﬂow through a 4mmid tube in the
centerline of a 15mm tube containing the supplemental ﬂow. The supplemental ﬂow
was humidiﬁed by passing it through naﬁon tubing (Perma Pure, Toms River, NJ, PD 15
Series) immersed in ultrapure 18.2 MΩcm water so that droplets were not evaporated
prior to the PCVI. The PCVI sample ﬂow was 1.0lpm for all experiments conducted
here. The number density of particles in this was counted by directing 0.3lpm to a
condensation particle counter (CPC; TSI Inc., Shoreview, MN, model 3775). For ex-
periments where particle size and composition were also measured, a HR-ToF AMS 20
(Aerodyne Research Inc., Billerica, MA) or PALMS was attached in parallel. Both in-
struments utilize an aerodynamic inlet to focus particles into a narrow beam (Liu et al.,
1995). Excess ﬂow was removed with a vacuum pump.
The AMS has been described in the literature previously (Jayne, 2000; Jimenez et
al., 2003; DeCarlo et al., 2006). Brieﬂy, particles entrained in 0.1lpm of ﬂow are im- 25
pacted onto a resistively heated (600–850
◦C) ceramic oven. The AMS lens transmits
particles with vacuum aerodynamic diameters of 70–500nm with nearly 100% eﬃ-
ciency and diameters of 500–2000nm with lower, but non negligible eﬃciency (Jayne,
2000). Bouncing of solid particles from the heater before volatilization may reduce the
696AMTD
4, 691–713, 2011
Droplet activation,
separation, and
compositional
analysis
N. Hiranuma et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
AMS sampling eﬃciency further. Non-refractory components (operationally deﬁned
as components that vaporize in ∼2s) are volatilized on impact and the resultant va-
por plume is ionized by electron impact at 70eV. Ions are then orthogonally extracted
at 20kHz into a time of ﬂight mass analyzer and detected after separation on a mi-
crochannel plate. For this study, the higher sensitivity “V” mode of the mass analyzer 5
was employed. Mass spectra are analyzed with standard software as described in the
literature to chemically resolve particle components (Allan et al., 2004). For the am-
bient studies, detection limits for the instrument as operated (1min averaging) are ap-
proximately 0.1, 0.03, 0.02, 0.15µgm
−3 for organics, nitrate, sulfate, and ammonium,
respectively. A lower detection limit was achieved for PSLs (0.01µgm
−3 nitrate equiv- 10
alent mass at m/z 104) by monitoring a single intense peak that has little interference
from other species and a low background.
PALMS has also been described in the literature previously (Cziczo et al., 2006).
Particles in 0.3lpm of ﬂow are detected as they scatter light from two visible 532nm
YAG lasers set a known distance apart and this allows for a calculation of aerodynamic 15
diameter. A 193nm excimer laser is subsequently triggered to ablate and ionize the
components. Positive or negative ions are sent through a reﬂectron mass spectrom-
eter ﬂight tube and detected as a function of mass. Particle size and chemical com-
position are thus recorded on the single particle level in situ and in real time. Optical
detection and aerodynamic focusing restrict the particle size range to ∼150–3000nm, 20
respectively. Within this range refractory (e.g., black carbon and mineral dust) and
semi-volatile (e.g., sulfates and organics) can be resolved. Single particle mass spec-
trometers such as PALMS are not inherently quantitative but trends in ion signal can
be used as an indication of relative abundance and particle fractions on the order of
1% are detectable (Cziczo, 2010 and references therein). 25
Initial tests were conducted to validate performance of the CCNC. Ammonium sul-
fate (Sigma-Aldrich, Saint Louis, MO, ReagentPlus Grade, >99% purity) was dis-
solved in 18.2MΩcm ultrapure water. Aerosol particles were produced by atomizing a
0.1weightpercent (wt%) solution (Atomizer; TSI Inc., Shoreview, MN, Model 3076).
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In all cases, dry research-grade nitrogen was used as the carrier gas. Monodis-
perse sizes (i.e., mobility diameters) were produced using a diﬀerential mobility ana-
lyzer (DMA; TSI Inc., Shoreview, MN, Model 3080). Figure 2 shows the fraction of
particles active as CCN as a function of supersaturation. Modeled CCN activation
curves derived from the κ-K¨ ohler model for ammonium sulfate are also plotted (Pet- 5
ters and Kreidenweis, 2007). The activated fraction appearing as a plateau at lower
supersaturations corresponded to doubly charged particles (Rose et al., 2008) (e.g.,
117nm mode of doubly charged component on an electric mobility equivalent to 80nm
particles of +1 charge selected by DMA in Fig. 2). The size distributions of singly and
doubly charged particles were measured by a scanning mobility particle sizer (SMPS; 10
TSI Inc., Shoreview, MN, Model 3969) to ﬁnd an activation curve of each component
by assuming κ of 0.61. The diﬀerence in critical supersaturation (where 50% of the
particles are CCN active) between modeled and observed data was never as high as
12%, validating performance of the CCNC. It should be noted that any higher order
of multiply charged particles other than +2 charges were neglected due to their small 15
population in this study. The droplet size distribution produced as a function of su-
persaturation for ammonium sulfate particles was also determined using the CCNC
OPC (Fig. 3). Polystyrene latex (PSL) spheres (Duke Scientiﬁc, Palo Alto, CA) were
produced in the same manner after dispersion in 18.2MΩMilliQ water. Note that, as
shown in Fig. 2, PSLs exhibit signiﬁcantly less activation than ammonium sulfate at a 20
given size throughout the range of supersaturations considered here.
Two validation experiments were then conducted. First, monodisperse ammonium
sulfate particles were produced and exposed to a variety of supersaturations in the
CCNC and directed to the PCVI. A PCVI cut-size of ∼2.5micrometers was set by us-
ing a supplemental ﬂow of 9.5lpm and a counterﬂow of 3.0lpm. As shown in Fig. 3, 25
droplets of greater than 3micrometers are produced for supersaturations of >0.5%.
Figure 4 shows the output particle number density in the PCVI output ﬂow; no particles
were transmitted for a supersaturation of 0.25% whereas at 0.5% droplets were de-
tected. The number density of these particles can be used to estimate a transmission
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factor for this experiment:
T =CCN (cm−3)×
0.045 (lpm)
0.495 (lpm)
×
0.495 (lpm)
9.945 (lpm)
×0.75×
10 (lpm)
1 (lpm)
= CCN (cm−3)×0.034 (1)
The transmission T, in CCN residuals percm
3 in the sample ﬂow, is estimated start-
ing with the concentration in the CCNC sample ﬂow (0.045lpm). This ﬂow is combined 5
with the CCNC sheath ﬂow (0.45lpm) and this is combined with the supplemental ﬂow
(9.5lpm). The PCVI enhances particles by the ratio of the sample to input ﬂow ratios
(∼10:1) although in practice only ∼75% transmission is realized for these ﬂow condi-
tions due to impaction losses (Kulkarni et al., 2011). In total this results in a reduction of
residual particle to initial droplet concentration by a factor of ∼1:29 (i.e., 0.034). During 10
the period of time given in Fig. 4b the average CCN concentration was 9365cm
3. This
corresponds to an estimate of ∼319 which compares favorably to the CPC average
value of 331cm
3.
Two features of the transmission curve are noteworthy: (1) When droplets were pro-
duced at 0.75% supersaturation a lower number density was observed in the output 15
ﬂow. This is due to increased impaction losses for larger particles as described in
Kulkarni et al. (2011). (2) Periodic spikes are apparent in the CPC data. Visual in-
spection showed that these spikes were due to occasional “sputtering” of water that
is collected when droplets impact within the PCVI. These sputtering remnants likely
contain a small amount of residual material from the impacting droplets although they 20
were not detected by the AMS which has a lower threshold of ∼60nm.
In the second validation experiment two particulate ﬂows, one of ammonium sul-
fate and the other of PSLs, were produced by two identical atomizers. Two identical
DMAs were used to produce monodisperse ﬂows of the same rate that were com-
bined. Three periods were investigated (Fig. 5). During “Period I” the particle number 25
density and ammonium sulfate and PSL signal exiting the DMAs (i.e., before the PCVI)
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was determined (Panel Ia). The average mass spectrum during this period is given in
Panel Ib. During Period II the combined particle ﬂow was passed through the CCNC
and PCVI when the saturation, 0.25%, was not suﬃcient to activate droplets from either
particle type (see Fig. 2). Panels IIa and IIb are analogous to Ia and Ib but note that
no particles are transmitted and only noise is observed in the mass spectrum. Dur- 5
ing Period III the saturation, 0.75%, was suﬃcient to activate droplets from ammonium
sulfate large enough to pass the PCVI and particles are detected in the sample ﬂow
(Panel IIIa). Conversely, PSL spheres were not expected to activate (see Figs. 2 and 3);
only ammonium sulfate and not PSL signal is evident in Panel IIIa and the mass spec-
trum in IIIb. 10
3 Atmospheric measurements
Coupled with two diﬀerent mass spectroscopy techniques described above atmo-
spheric measurements were conducted in Richland, WA to gain insight into the ef-
fect of composition on CCN formation. For experiments with the AMS, poly-dispersed
ambient particles were exposed to supersaturated condition in the CCNC and droplet 15
residual particles were passed to the AMS downstream of the PCVI. Ambient AMS
measurements were also conducted immediately before and after the experiment with
the CCNC and PCVI. As illustrated in Fig. 6, the time series of organic and inorganic
mass were observed from ∼09:30 to 12:00 Paciﬁc Daylight Time (PDT) on 20 Octo-
ber 2010. The ambient temperature was ∼13
◦C with partly cloudy skies and moderate 20
particle loadings (ambient particle concentration ∼10000 particlescm
−3) throughout
the experiment. A series of supersaturations (0.25%, 0.4%, and 0.75%) in the CCNC
were employed. A supersaturation of 0.4% produced 2255 dropletscm
−3 and 76 resid-
ual particlescm
−3 in the ﬂow passed to the AMS.
When observing ambient particles, particle composition derived from the V mode of 25
AMS measurements was dominated by organics and ammonium nitrate with a small
ammonium sulfate contribution (Fig. 6 Panel I and III). When sampling behind the PCVI
(Fig. 6 Panel II), dilution of aerosol particles in the PCVI will reduce the ammonium
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and sulfate signals to below the AMS detection limit regardless of their activation in
the CCNC. We see positive evidence that particles containing nitrate activated in the
CCNC. Based on the PCVI dilution ratio, the organic signal of activated particles is
expected to be near the AMS detection limit, assuming all organic containing particles
activated. AMS observations show the organic signal hovering around the detection 5
limit (Fig. 6 Panel IIb). Therefore, the role of organics in CCN activation is unclear on
this particular day.
Experiments with the PALMS instrument were conducted in the same manner as
for the AMS. An exemplary negative polarity mass spectrum of a residual particle of a
droplet formed in the CCNC and separated from unactivated particles in the PCVI is 10
shown in Fig. 7a. Peaks attributed to diﬀerent species (e.g., sulfate, nitrate and organic)
are speciﬁed. Data were collected as follows: 1000 positive and negative mass spectra
of ambient particles were collected over ∼10min starting at 16:00 Paciﬁc Standard
Time on 9 November 2010. The ambient temperature was 5
◦C with overcast skies and
occasional drizzle and these conditions continued throughout the experiment. Ambient 15
sampling was immediately followed by analysis of drop residue by connecting PALMS
after the CCNC and PCVI for a period of 30min. This resulted in the acquisition of
225 positive and 350 negative mass spectra. This period was immediately followed by
collection of an additional 1000 positive and negative mass spectra. The CCNC was
set at 0.5% saturation with respect to water producing an average of 500 dropletscm
−3; 20
this resulted in 29 residual particlescm
−3 in the ﬂow passed to the PALMS instrument.
Average particle aerodynamic diameter and normalized signal attributed to sulfate,
nitrate and organic are presented in Fig. 7b. Period I is the initial ambient data sample,
period II is while PALMS was connected to the CCNC and PCVI, and period III is the
ﬁnal ambient sample. The peak analysis corresponds to the subset of negative polar- 25
ity mass spectra acquired whereas the size information uses all mass spectra. The
droplet residual material is somewhat larger than the ambient aerosol size although
these correspond to the subset of CCN residuals within the PALMS size range. The
total of all mass spectral peaks is 1 with the fraction attributed to sulfate, nitrate and
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organic presented in Fig. 7b for each time period; note that these species make up
the majority, from 73–80%, of the total ion current produced in each period. Sulfate is
slightly enhanced in the residual particles whereas nitrate is slightly reduced. Organic
components do not display a clear trend.
4 Conclusions 5
We have connected a CCN chamber to a PCVI in order to separate droplets from
unactivated interstitial aerosol. The ﬂow added to the PCVI was at low relative humidity
so that droplets were evaporated and only residual particles were entrained in the
sample ﬂow. The number of residual particles compared favorably with the droplets
produced in the CCN chamber, with particle losses on the order of 25%, consistent 10
with what has been observed previously using PCVIs. Two validation experiments were
performed. First, various supersaturations were used to produce droplets of diﬀerent
sizes. Only when droplets larger than the cut-size of the PCVI were formed were
residual particles observed in the sample ﬂow. This veriﬁed that only droplets with
suﬃcient size passed through the counterﬂow virtual impactor for subsequent analysis. 15
Second, an external mixture of ammonium sulfate and PSL monodisperse particles
was also exposed to a supersaturation which would activate only ammonium sulfate but
not the PSLs. The mass spectrum observed with an AMS after separation indicated
only ammonium sulfate, validating separation of droplets from unactivated particles.
To our knowledge this is the ﬁrst time a commercial DMT CCN chamber has been 20
coupled to a PCVI and mass spectrometer and we are aware of only one other such
instrumental combination using a custom CCN chamber (Slowik et al., 2011).
Two mass spectrometers were then used for ambient sampling. An AMS, which
provides a quantitative measurement of non-refractory aerosol components of 70–
1000nm diameter particles, showed little chemical diﬀerentiation between ambient par- 25
ticles and the subset that were activated in the CCNC. However, particle loadings were
relatively low and dilution from the PCVI alone is expected to reduce the ammonium
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and sulfate signal to below the AMS detection limit. For this particular day, particles
containing ammonium nitrate were clearly observed to activate in the CCNC. The role
of organics in activation remains unclear. One key limitation of this technique was that
suﬃcient particle mass loading had to be present in the sample ﬂow for the AMS to
acquire meaningful data. Because separation of droplets by the PCVI requires that 5
the ambient aerosol be diluted by a factor of ∼30, ambient particle mass loadings of
1–5µgm
−3 (depending on particle composition) are required to chemically diﬀerentiate
particle CCN activity by the AMS. The AMS coupled with the PCVI can provide a quan-
titative measurement of bulk aerosol composition with high time resolution, however,
these results suggest that PCVI-AMS combination may not be the optimal technique 10
to observe the inﬂuence of composition on cloud droplet formation in the absence of
relatively high particle mass loadings. The PALMS instrument, which provides uni-
versal component detection on a single particle basis but only on a qualitative level
from ∼150–3000nmdiameter, showed a slight increase in the size of particles which
were activated as droplets. Slight chemical diﬀerences were observed with a small 15
enhancement of sulfate and decrease in nitrate observed in the droplet residuals.
These two mass spectrometers proved to be complementary instruments. The AMS
was able to probe particle sizes near the activation threshold and produced quantita-
tive data. PALMS was able to universally detect aerosol components, including mineral
dust and black carbon, and acquired single particle data even when only a few droplet 20
residuals per cm
3 were present in the sample ﬂow. We believe that for most ambi-
ent sampling use of both techniques will be required to fully characterize the eﬀect of
aerosol composition on cloud droplet formation.
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Fig. 1. Schematic of the experimental setup.
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Fig. 2. Fraction of aerosols active as CCN as a function of supersaturation. The size and
composition of the aerosol is diﬀerentiated by the shapes given in the legend.
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Fig. 3. Droplet size distribution as a function of supersaturation, (a) 0.25%, (b) 0.5%, and
(c) 0.75%, for ammonium sulfate. Note that vertical extension of dashed line in each panel
represents the D50 cut-size of ∼2.5micrometerdiameter for the PCVI.
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Fig. 4. Transmitted particle number density after the PCVI as a function of time for various
supersaturations. During “Period (a)” the droplets remained below the cut-size and no particles
were transmitted (supersaturation 0.25%). During Period (b) the ammonium sulfate particles
activated into droplets larger than the cut-size (0.5%). During Period (c) droplets grew to a size
where impaction losses increased over those in Period (b) (0.75%; Kulkarni et al., 2011). See
Fig. 3 for relevant droplet sizes.
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Fig. 5. Aerosol concentration and composition for experiments where ammonium sulfate and
PSL spheres were externally mixed. Panel (Ia) is the time series of sulfate and PSL mass
spectra signal before the CCNC and PCVI. The AMS average mass spectrum during this period
is given in panel (Ib). Panel (IIa) is the same quantities as in Ia but after the CCNC and
PCVI at 0.25% saturation when the saturation was not suﬃcient to activate droplets from either
particle type (see Fig. 2). The concurrent spectrum is given in Panel (IIb). Panel (III) shows
that the saturation (0.75%) was suﬃcient to activate droplets from ammonium sulfate and the
formed droplets were large enough to pass the PCVI whereas PSL spheres did not activate
(see Figs. 2 and 3). Note that only ammonium sulfate, and not PSL signal, is evident in Panel
(IIIa) and the mass spectrum in (IIIb).
711AMTD
4, 691–713, 2011
Droplet activation,
separation, and
compositional
analysis
N. Hiranuma et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
 Org
 NO3
 SO4
 NH4
2.5
2.0
1.5
1.0
0.5
0.0
M
a
s
s
,
 
µ
g
/
m
3
9:55 10:05 10:50 11:00 11:10 11:30 11:40 11:50
Time, PDT
I IIa III
0.20
0.10
0.00
-0.10
M
a
s
s
,
 
µ
g
/
m
3
10:15
IIb
Time, PDT
10:50 11:00 11:10
Fig. 6. Time series of organic and inorganic mass determined by AMS measurements.
Period (I) is ambient data. Period (II) is the mass measurement after the CCNC and PCVI
immediately after Period I. Period (III) is ambient data immediately after Period II. Note that
Fig. 6 (IIa) has a consistent mass scale with I and III, and Fig. 6 (IIb) has a 10× mass scale.
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Fig. 7. Negative polarity mass spectrum of a CCN residual using the PALMS instrument
(panel a). Sulfate, nitrate and organic peaks are identiﬁed. Time series averages of aero-
dynamic diameter and sulfate, nitrate and organic signal (panel b). Period I is ambient data.
Period II is from mass spectra after the CCNC and PCVI immediately after Period I. Period III
is ambient data immediately after Period II. See text for details.
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